values). Results showed (i) quantitative MB removal (> 88 %) and (ii) limited
Fe release for all three columns. After about 25 days, the Fe levels were constantly less than 1.0 mg L -1 . The most significant difference was observed in the evolution of the k value and was attributed to the different material sorting. Less sorted ZVI1 exhibited the lowest initial k value (8.0 vs 43.0 mm min -1 for ZVI9 and ZVI10) and most significant permeability loss.
Results confirmed the usefulness of the tested protocol as a reliable method to assess the efficiency of Fe 0 materials in short term column experiments. Well-sorted Fe 0 materials are recommended for long term efficient Fe 0 filtration systems.
Introduction
Metallic iron (Fe 0 ) is a reactive material currently used for environmental remediation and safe drinking water provision [1] [2] [3] [4] [5] [6] [7] . Available Fe 0 materials are obtained from various sources [8] [9] [10] [11] [12] and are supposed to satisfy design expectations [7, [13] [14] [15] [16] [17] . However, there is no standard method to access the suitability of Fe 0 materials for individual applications. As a rule, used materials are characterized: (i) by selected physical and chemical parameters (e.g.
elemental composition, particle size, surface area) and (ii) for their ability to remove the specific species of interest (efficiency in treatability studies) [11, 18, 19] . However, each reactive material should be primarily characterized by its intrinsic reactivity.
The 'intrinsic reactivity' is a material-dependent but system-independent qualitative trend.
The 'removal efficiency' or 'treatability efficiency' is a system-dependent quantifiable parameter. For a reactive material like Fe 0 , the intrinsic reactivity should be correlated to the treatability efficiency. For activated carbons (an inert material) several indicators for the treatability efficiency have been introduced including the iodine number, the phenol number, the methylene blue number and the tannic acid number [20] . Appropriate treatability indicators for Fe 0 are urgently needed.
The intrinsic reactivity could be regarded as the most important characteristic in selecting Fe 0 for designing filtration systems. Under specific operational conditions, intrinsic reactivity characterizes the kinetics of the process of iron oxidative dissolution in the absence of any mass transfer restrictions [21] . The extent of iron corrosion depends primarily on the solubility of iron under the operational conditions. For example, in the presence of some solutes (e.g. organic complexants), aqueous iron forms soluble chelates and Fe 0 tend to dissolve at constant rate. Others solutes (e.g. PO 4 3-ions) produce relatively insoluble chelates 2 which form a coating over the metal and tend to stifle iron corrosion [22] . layer and a 8.0 cm fine sand layer (H 2 -sand) thereafter. It is expected that MB will be undisturbed discoloured in H 1 -sand layer at the beginning of the experiment. However, a disturbance of the flow regime due to expansive iron corrosion will hindered the extent of MB discoloration in the whole column and in the H 2 -sand layer in particular. Additionally decreased adsorptive efficiency due to in-situ iron oxide coating will impair MB discoloration. Thus, both a decreased of the hydraulic conductivity (permeability loss) and an accelerated MB breakthrough could be observed within some weeks. For materials of comparable particle size and shape, the most reactive a material, the lower the extent of MB discoloration and the more rapid the clogging (Assumption 1).
The used methodology for the investigation of the impact of Fe 0 characteristics (e.g. intrinsic reactivity, shape, size, sorting) on the extent of (i) MB discoloration and (ii) decrease of hydraulic permeability comprises testing the validity of Assumptions 1 by following the MB discoloration and permeability loss in the presence of tested materials. In situ generated iron corrosion products are adsorbed onto the sand surface, worsening its capacity of MB A total of 10 samples (ZVI1 through ZVI10) from 9 Fe 0 materials were tested. The materials were obtained from various sources, in different forms and grain sizes. The main characteristics of these materials are summarised in Tab. 2. Fig. 1 depicts micrographs of 500 mg of each sample using a portable camera (Keyence VHX-500F). No information about manufacturing processes (e.g., raw material, heat treatment) was available to assist with subsequent data interpretation. The average elemental composition of the materials as specified by the suppliers are well-documented in the literature [25, 26, 41] and are not repeated here.
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It is the objective of this study to characterize the reactivity of tested materials and compare the efficiency of three of them for the discoloration of methylene blue in column studies. A part from the Rheinfelden material (iPutcec GmbH & Co) which was tested in two fractions, all other materials were used in their typical state and form ('as received' state) in which they might be used for field applications. The Rheinfelden material was tested in two fractions: (i)
as received (ZVI4) and (ii) the fraction between 0.40 and 0.80 mm (ZVI1). ZVI1 was used to reduce variability in grain size [26] and compare the efficiency to that of ZVI9 and ZVI10 in column studies.
ZVI1, ZVI9 and ZVI10 used in column studies are available as fillings with a particle size between 0.40 and 0.8 mm (Tab. 2). ZVI10 was not quantitatively available to enable own granulometric analysis. The granulometric distribution reported by Gottinger [41] was used for the presentation (Tab, 2). ZVI9 is the best sorted material, ZVI10 is better sorted than ZVI1 (Fig. 1 ).
Sand
The used sand was a natural material from Fontainebleu (France). -EDTA photodegradation [42] . Iron dissolution was used to characterize the reactivity of tested Fe 0 [11, 31] .
MB discoloration
Plexiglas columns of 2.6 cm inner diameter and 50 cm length were used. 
Discoloration efficiency (E value)
In order to characterize the magnitude of tested systems for MB discoloration, the discoloration efficiency (E) was calculated (Eq. 2). After the determination of the residual MB concentration (C), the corresponding percent MB discoloration (E value) was calculated as:
where C 0 is the initial aqueous MB concentration (2.0 mg L -1 ), while C gives the MB concentration after the experiment.
Relative permeability
Saturated hydraulic conductivity K (e.g. mm.min -1 ) can be expressed as: where Q is volumetric flow rate, A is column cross-sectional area, L is distance from the inlet of column and ΔH is the hydraulic head.
In general, exploiting Eq. (3), experimental data are used to evaluate the hydraulic gradient (ΔH/ΔL) at each time and to deduce the saturated hydraulic conductivity (K). However, estimating the initial saturated hydraulic conductivity (K 0 ) at the start of the experiment is usually sufficient to characterize the evolution of the system. The system's permeability is then characterized by the time-dependant relative hydraulic conductivity (Eq. 4):
The K value in this study corresponds to the solution flow velocity through the columns. The flow velocity was operationally defined as the time necessary for the filtration of 50 mL of the 2.0 mg L -1 MB solution.
Results and Discussion

Fe 0 characterization
Photomicrography
Micrographs of the tested samples evidenced differences in shapes and sizes ( ZVI8 < ZVI4 = ZVI1 = ZVI6 < ZVI5 = ZVI7 < ZVI2 < ZVI3 < ZVI9 = ZVI10.
It is important to recall that this classification does not account for the presence of iron corrosion products reflected by the b values (Tab. 3). From Tab. 3 it is clear that ZVI6
exhibited the largest b value. This is consistent with the fact that ZVI6 was physically covered by fines of rusted iron (Fig. 1) . The presence of atmospheric corrosion products is the main reason why a graphical comparison of materials is not suitable [11, 31] . It has been shown that the EDTA test is not suitable for powdered Fe 0 materials and for Fe 0 samples containing a high proportions of fines [11] . reactive material (ZVI1 -ZVI8 was tested as negative reference) and the both most reactive materials (ZVI9 and ZVI10) were selected for column tests. The both most reactive material differ in their sorting ( Fig. 1 and Fig. 3 ). Fig. 4 The data in Tab. 4 suggests that the reactivity difference can be attributed to the particle size distribution (material sorting) (Fig. 1) . Material intrinsic reactivity is generally influenced by practical considerations including particle size, chemical composition, production and storage conditions [26, 46, 47] . The single information accessible for the three tested materials is their mean particle diameter (φ value -Tab. 4). While the φ value is 0.50 mm for ZVI10 [41] and ZVI9, its value for ZVI1 is 0.60 mm. The fact that materials with finer particle size are more reactive than coarser materials is the rationale for the use of nano-scale particles in water treatment [48, 49] . However, it should be recalled that the particle size alone is not an indicator for the intrinsic reactivity [18, 31, 19] . Rigorously, if the particle size distribution of ZVI9 was not given by the supplier, a researcher could have sieved all three materials and used the fraction 0.40 to 0.80 mm as one fraction. In other words, the difference in particle size of used materials is minimal (φ value). However, the assertion that 'finer particle size are more reactive than coarser materials' is operationally maintained in this study [11, 26, 31] .
Materials for column studies
Remember that the EDTA test is in essence a reactivity test. Characterizing the same material available in different particle sizes can be regarded as validation of the experimental protocol.
This has already been performed in previous work [11, 31] . The Rheinfelden Fe 0 (iPutec GmbH & Co KG) depicted k EDTA values decreasing from 61 ± 6 μg h -1 to 27 ± 1 μg h -1 when the particle size fraction increased from 0.315 -0.500 mm to 1.0 -2.0 mm. In the present work, the lack of significant difference between the reactivity of ZVI1 (0.400 -0.800 mm) and ZVI4 (0.300 -2.0 mm) is attributed to the proportion of smaller size particles (0.300 -0.400 mm) in ZVI4 (Fig. 1) . This work correlates 'intrinsic reactivity' and 'treatability efficiency' for MB discoloration. The terms 'reactivity' and 'efficiency' are currently confusing in the literature. They are almost always randomly interchanged.
MB column test
The EDTA test has revealed the following reactivity order for tested materials: ZVI10 ≅ ZVI9 >> ZVI1. The present section characterizes the efficiency of tested materials in term of (i) iron release, (ii) MB discoloration and (iii) permeability loss. In other words, 30 days is too short to graphically differentiate the extent of MB discoloration by tested Fe 0 materials using the E value alone. for ZVI10 and 11.6 % for ZVI9 ( Fig. 6b and 6c) . Considering the historical work of Mitchell et al. [36] demonstrating that iron oxide coated sand is a poorer MB adsorbent than pure sand, these results suggest that the most reactive system is the one exhibiting the lowest efficiency for MB discoloration (e.g. ZVI9).
Iron release
MB discoloration
Considering this essential aspect, it appears that ZVI1 is the less reactive material as found by
Fe release (section 4.3.1) and EDTA test ( § 4.2). Accordingly, Assumption 1 is validated with regard to MB discoloration and Fe release. (Fig. 7a) . Fig. 7a also shows that the initial k value (k 0 -Tab. 4) was essentially lower for ZVI1 than for ZVI10 and ZVI9. This behaviour is primarily attributed to the material sorting [50] [51] [52] [53] [54] . In fact, a packed bed of a better sorted granular material exhibits a greater permeability. In better sorted beds (ZVI10, ZVI9) the pore spaces are open. In the comparatively poorly sorted ZVI1 bed fine grains occupy the pore spaces between coarser grains [50, 52] . al. [54] spherical particles yield a better porosity than cylindrical ones. ZVI9 is almost spherical, ZVI1 and ZVI10 are more cylindrical but ZVI1 is the least sorted material (Fig. 1) .
Permeability loss
The discussion until now has confirmed that material particle size, material sorting and material geometry all significantly influence the hydraulic conductivity [50, [52] [53] [54] . In Fe 0 beds, in-situ generated iron hydroxides tend to cement initial particles and decrease both porosity and permeability. The present study has presented a reliable method to correlate the intrinsic reactivity and the efficiency of Fe 0 materials using MB discoloration in column studies (assumption 1 is validated by experimental results). Future research should focus on how the characteristics of Fe 0 and admixing additives (e.g. gravel, MnO 2 , pumice, sand) impact system's sustainability.
Pure Fe 0 beds as tested here are not sustainable [1, 39] . Admixing additives are natural materials which are rarely uniform in geometry. Accordingly, when mixed with the same additive (e.g. sand), the sustainability of the resulted Fe 0 /sand systems should be individually tested/discussed. In particular, not the most reactive material/system should be constantly sought, but the material with the most appropriate efficiency. For example, ZVI1 could be more suitable for groundwater remediation and ZVI9 and ZVI10 for wastewater treatment.
Alternatively, ZVI1 mixed with a certain material A (size, form, shape) could be suitable for drinking water and the mixture with a second material suitable for wastewater treatment.
Discussion
The thermodynamic instability of Fe 0 (E 0 = -0.44 V) in water (E 0 = 0.00 V) does not provide any information on the kinetics of the corrosion process, which defines the intrinsic reactivity of individual materials. Fe 0 reactivity is influenced by material-dependant considerations such as (i) the material elemental composition, (ii) its particle size, (iii) its production and storage conditions. Regarding the test conditions, used operational parameters should be rationally selected to be relevant for field conditions. Relevant operational parameters include (i) used Because of this technical deficit a real race for the most reactive material was initiated.
Resulting materials included bimetallic particles [55] , nanoscale particles [48] and some proprietary materials like CIM (Composite Iron Matrix) [1, 39] , SIM (Sulfur Modified Iron) [56] . However, not always the most reactive material is needed but the most appropriate one.
As an example, ZVI8 which is the least reactive material in this study (EDTA test) has been shown more efficient than 3 other more reactive Fe 0 materials for As removal under conditions where rapid dissolution kinetics favoured Fe 0 'passivation' [35] . The most appropriate material for a given situation is the one producing enough contaminant scavengers per unit time to achieve the design goal. That is the material which intrinsic reactivity matches the field situation (e.g. water flow rate, nature of the contaminant) the most. [30] are better explained by the deep-bed nature of filtration on Fe 0 columns. It is therefore traceable that less H 2 escapes from a higher column.
Efficiency and reactivity of Fe
Third, Ruhl and Jekel [26] found out that the grain size distribution of a Fe 0 material affects "the porosity, the pore geometry and the reactivity". It is evident that 'reactivity' here is referred to 'removal efficiency' as it is further stated that 'column tests showed that all fractions achieved good TCE removal with a slight advantage for smaller grains'. However, assuming cylindrical porous structure, the pore radius for smaller grains is narrow and should be rapidly filled/clogged by the more reactive small particles. In other words, reactive zones with smaller grain sizes are more susceptible to clogging. The discussion of Ruhl and Jekel [26] could be optimised. For the discussion herein, however, it is sufficient to consider that purposefully distinguishing between 'reactivity' and 'efficiency' would have impacted the experimental design and/or enabled a stronger discussion with the presented material.
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The proper consideration of the expansive nature of iron corrosion suggests that a Fe 0 -based filter should be regarded as a classical self-filtration system [58] . The processes of (i) Fe filters is still poorly understood [16] . The present work and related studies [59] [60] [61] suggest that this issue was even not properly addressed.
Concluding remarks
The suitability and the reliability of a 2.0 mg L -1 methylene blue (MB) solution to correlate Column length 50 cm, column diameter 2.6 cm. It can be seen that after 12 days the initial permeability has decreased by more than 80 % in all systems. The lines are not fitting functions, they simply connect points to facilitate visualization.
